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“ABSTRACT 
An investigation was made of the electromagnetic disinte- 
gration of carbon, nitrogen, and oxygen leading to production of 
the unstable nuclei Be! and cee Targets of graphite, melamine, 
and water were bombarded with 75-MeV electrons from the Naval Post- 
graduate School linear accelerator. The masataasevicn pasnaAte 
of interest were counted by detecting their decay activity, Be 


ll 


by the 477-Kev gamma ray from its daughter nucleus and C by the 


Sichey<pho vans from the annihilation of its emitted positron. 
Electron and photon effects were separated by interposing an addi- 
tional radiator for one bombardment of a given type of target, 
then repeating with a similar target without the radiator. 


il were found in all bon- 


Radioactive fragments of Be! and C 
-bardments; yt? was also found in bombardments of melamine and 
water. Electrodisintegration cross sectons for processes yielding 
Et were found to range from 17.5 xb for carbon down to 0-3 ub far 
avuaur The corresponding values for processes yielding Be’ Tanged 


Prom 1.3 pb to 0.14 ph. Integrated photodisintegration cross sec- 


tions were found to be approximately 50 times greater than these. 
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I. INTRODUCTION 
The investigation of nuclear structure is neneeetiy accom= 
“ | pirsiied by permi tetra Sener Otte radiation Peon some Ep Pope 
| source to peer eee eae and perhaps to disintegrate, the nucleus 
in gies ane Analysis of the: distribution of the zeae Frag- 
ments can lead to information concerning both the jviginal. 
structure of the target Aucleus and the specific interaction 
mesehanvene involved. ‘If the are ieciiis particle is of a nuclear 
: a ; sort, seperation of the two types of information will be very 
- #e difficult due ta ae incamplete understanding of specifically 
nuclear ideceactinnd. ‘Ir, ngaewen, Ae primary radiation is of 
electromagnetic nature, as in the experiment to be reported here, 
we BEAT EVE the interaction process. to be opeEeey well understood. 
Direct information can then be nee nee about the structure of sy 
- - original nucleus alone, providing only that the energy and angle 
distributions of all disintegration Fragments can ae Bere FILE Cs 
Measurements OF the distributions of aiebv ae eLgnt 
charged per eTulee (proton, deuterons, aruhe particles) or of 
neutrons resulting From photadisintegration or clectrodisintegra- 
tign PIReeoeee have heen epepmatisied by ney exper uentet groups 
f,2] over the cvest thirty years. On the other hand, experimental | 
information an the distributions of all of the emitted @raamente 
from a given disintegration is pereRively sparse, being restricted 
fatal to separimances an which the disintegrations occurred in 
nuclear emudsinns [3]. The difficulty of weeeeiag all the frag- 


ments in an experiment using counters is somewhat greater, both 


because coincidence techniques are required, and because the heavy 





fragments cannot escape from any but the thinnest of targets. As 
a first step in nbtaining information concerning the processes 
which result in heavy disintegration Fragments, several experi- 
mental groups fu, 5] have measured the end-product padivactivity . - - 
following bombardment of selected nuclei. The total-cross section 
for production of unstable nuclei as disintegration Fragments is 
relatively easily obtained. It constitutes one of the bits oF 
information from which complete knowledge ‘OF the angle and energy 
distributions of all ‘the emitted products may some day be pieced. 

In an effort to obtain information about electromagnetic 
interactions with Light nuclei, we conducted an experiment at the 
Naval Postgraduate School to measure the total cross sections for 
the photodisintegration and eleotrodisintegration of carbon, nitro- 
gen, and oxygen in processes leading to the radioactive fragments 
cit and Be’. Aside from the theoretical interest that attaches to 
interactions with light nuclei, these elements were selected for. 
study on the basis of certain practical considerations. Each” 
Occurs in shielding materials used in the target areas of accel- 
erators and thus constitutes a radioactive source when activated | 
by a high-intensity electron beam. The resulting radiation can be 
hazardous if the target area must be entered before the radiation : 
nas had an opportunity to decay to a safe level. It was our | 
intention to measure the relevant production cross sections in | . 
order to determine how rapidly such hazardous Long-lived activity 
is built up. | | : 7 

Interactions which lead to the fragments Be’ or cit may occur 
in a great variety of forms. As examples of possible photodisinte- 


gration processes occurring in the experiment, We might list 
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oepqnrett, cl@,nrctt, o8craqn)ge”, ntbcr,Li7)Be”, or 
cl (pjan)Be’. If one replaced the photon by an electron (which 
scatters in the interactions), these expressions would also display 
valid examples of electrodisintegration processes. In any event, 
the disintegration enade ee can be measured if one detects 
the radiations emitted in the decay of the heavy fragment. For 
example, the product nuclei Gs and. Nt? decay by positron emigbion, 
as shown by the equations 

ce a4 B~ +y7 


and nt 


—_ gt? Ae ee a 

Following its emission the positron annihilates with an electron; 
this leads to the appearance of two 5l1l-Kev photons which may be 
detected. Similarly, the heavy fragment Be! decays by electron 
capture to the vival auclede i? eecording to one of the equations. 


a (8 da a eae a (89.68%) 


e+ Be’ —e Lil + (10.32%) 
Leta? 4 9 (477.3 Kev). 
One notes that in 10.32 Percent of the decays the Li’ daughter 
‘nucleus is left in an excited state. The 477.3-Kev gamma ray 
which results in the subsequent de-excitation of igo" provides one 


with a means of determining the number of Be! nuclei that were pro- 


duced in the primary disintegration. 
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II. EXPERIMENTAL DETAILS 

A. The Accelerator System 

| The epuree of the high-energy electrons for fine? experiment 
was the 120-MeV linear accelerator at the Naval Postgraduate © 
School. This machine: provided primary electrons with an energy 
of 75 MeV and an intensity of 5x10t¢ electrons per eacead ina 
beam with diameter of about 3/Beinch at the collimator. After the 
collimator the electrons entered the First deflection magnet and 
were deflected through 30 degrees from iis ecnememeras axis. In 
this way the neutrons and bremsstrahlung photons produced in the 
accelerating structure could be removed from the electron beam. 
The deflecting magnet and the energy slits following it determine’ 
the primary electron energy. The energy slit width defines the” | = 
uncertainty in the electron energy; in our experiment this uncer- | | 
tainty was £1 percent. Following the slits, the beam finally ae 
passed through the focusing magnet which bent it another 30 degrees 


into the experimental area, in which the bombardments occurred, 


Be Monitoring af the Primary Beam 

A secondary-electron-emission monitor was installed at the 
end of the beam tube, after the Focusing magnet, but ahead of the 
target assembly. The current produced in this 5-foil monitor was 
permitted ta charge a capacitor of known capacitance. Measurement 
of the capacitor voltage by means of an integrator circuit then 
enabled us to determine the total electron charge that had passed : ps 


through the monitor and into the target. The monitor has an 


efficiency of 0.05 and an accuracy of 10 percent. Fluctuations 














in beam ATUBRE LEY ere not recorded. We did, however, note the 
periods in which THe ‘beam Failed eaters Sra: the artuel 
tant periods the average beam sunset Was assumed to be aenetant. 
This assumption leads ta: some error in results for the shorte- 
Tange gt peace nuolei. - | | 

During bombardment the ero tnuy heam was visually observed 
ae use .of remote television. A ZnS screen was placed in front of 
ath target. ‘The beam spot produced a éqis screen was Siecevee. 
by the operator as a means of sicenina the beam and focusing it 


on the center of the target. 


Ce Target Configuration 

Nuclei of the elements carbon, nitragen, and oxygen were of 
interest as , targets in this experiment. The carbon targets were 
made af spectral grade graphite* of 99.9% purity, 1.586 g/om? 
density, machined into discs of 0.973-inch diameter eng 0.200-inch 
thickness. During irradiation the Binelnan beam gap dnatuadt an 
each din alang its axis oF symmetry. | 

The nitrogen Gaciet were saapesdad ina a eect ar NG MAMET 
G H_N 6? an organic compound with metecnter. weight 126.1 gratis per 


3 


mole. The neraee material was: in the physical Form oF. a Fine 


crystalline powder of density 4.107 g/om? and 97 percent aunt eye 
The melamine was tightly packed into an aluminum alloy (type 6061) 


container which held the powder in an 0.866-inch diameter by 


* Manufactured by Union Carbide Corp., Carbon Praducts Dive, — 
New York, N.Y. 


aia Manufactured by Eastman Organic Chemicals, Rochester, N.Y. 
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0.200-inch thick configuration. The samples were irradiated with 
the discs coaxial with the beam centerline (Fig. 1). Each target 
was cooled to prevent melting or sublimation of the material. 

Oxygen nuclei were bombarded in a target of distilled water 
enclosed in an aluminum alloy (type 6061) holder which contained 
the water in a configuration 0.75 inches wide, 0.75 inches high, 
and 0.26 inches thick in the direction of the electron beam (Fig. 
2). The etae was a A deger Slee ta Vcinelations It was 
cooled during irradiation to prevent vaporization. 

In order to sag? the melamine and water, these target holders 
issannauntee on an aluminum support which was part of the moveable 
target frame. The base af the support was inserted in an insul-— 
ated flask filled with liquid nitrogen. Thus the heat generated 
in the target by the electron bombardment was conducted downwards 
and dissipated in the liquid nitrogen. There was no apparent loss 


of melamine or water during irradiation. 


De Bremsstrahlung Production 

Accompanying the electron beam in the target area of a linear 
accelerator are some unavoidable bremsstrahlung photons. These 
are produced in all material through which the high-energy elec- 
trans pass, including the target itself. In our experiment the 


following items were present as bremsstrahlung producers in all 





irradiations: the window of the electron beam tube and the foils 
of the secondary-emission monitor, 0.152 mm af aluminum; an 
aluminum foil target for a simultaneous experiment, 0.118 mm; L 
the air hetween the end of the vacuum pipe and the target, 63.5 cm; 
a ZnS layer, 0.061 mm, deposited on an aluminum foil, 0.058 mm. 


14 
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The water and melamine targets contributed additional material in 
front of the actual target material. The upstream walls of the 
holders were 0.367 and 0.438 mm, respectively, of type 6061 


aluminum alloy. This is composed of 1.0 percent magnesium, 


0.6 percent silicon, and @.25 percent each of copper and chromium, 


alloyed with aluminum. The radiation thicknesses of the holders 


are reported in the third column of Table I. The radiation thick- 


ness of half the target itself is tabulated in the fourth column. . 


For all samples irradiated with the copper radiator "in" a sheet 


of oxygen-free, high-conductivity copper, 0.792 mm thick, was 


mounted directly in Front of the appropriate target. This inter-_ 


posed an additional 0.0550 radiation lengths of material. 


TABLE I 
Radiating Material Thickness 


All thicknesses are in units of radiation lengths 
a : Total 


Extra Target Target Irradiation Charge. 
Sample Radiator Wall | Body Total Time (sec) Cu coul) 
Carbon 1 . in - -00939 -07189 4,680 248 
Carbon 2.* out -  .00939_.01694 7,620 314 
Carbon 3. out - 00939 ~—-«.01693 9,540 433 
Mel, 1 © in 00495 .00687 .07432 6,900 LOL 
Mel. 2. out  .00495 .00713 .01958 10,500 413 
Water 1 in .00415 .00922 .07587 12,840 521 
Water 2- out 00415 .00922 02087 11,790 561 


RE Ra Te PS RS PS ES A EC 


Table I also lists total irradiation time and accumulated 


charge for each sample. The carbon-2 and water-2 samples had 
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theam off" anheevens during. their irradiation. These interrup~': 
tions WERE af COUTEB, taken into account in the calculation oF 
fines cross. sections far the nuclei. invelved in these samples. The 


method far daing this will be discussed in Chapter a1 Els 


Es: Détectden Syetem 

After panbardnent, each ° sample wes, removed fram its holder 
and placed ina ‘polyethylene bottle with an inside diameter of 
Be 980 inches and a ao. 047 inch wall ‘thickness. Each bottle was 
than ‘sealed with epoxy resin to advert se spillage or veneration 
of the sample, wb icontaniaatvan of the counter Hauge. In the 
water bombardments, However, con addi bienel step was taken. 
Crystals of BeNO, were added to the uater serene prior to its 
removal from the target HGlddee THis eeueee an exchange between 
the Be” ions and the reivanotive Be’ adsorbed to the container . 
‘walls and alioue a more - complete oe hes of de” into the bottle. 


The esunter-naued was eonerrubued: uF standard 2xkx8—ineh - 


lead bricks which were statked ae Lory: a nae? walls, and top Bach 


af 6rinch thickness. _ The aneyge well es 20x20 inches py 2h inches. 


high. An @x8<inch - access (pues in the top was covered ‘during 
Salinting by a Belen lead Gane The scintilletian crystal-phote- 
multiplier tube was mounted in a holder centered an the’ base oF ; 
_the- counter-house ell with ‘the ere Face pointing upward at . 
a height of 11.5 dnehea abaue the bottom of the well (Fig. 3), 
The holder which fixed the position gece series: Abthe “ite 
counting was Fabricated of 1/8-inch lucite sheet nipuacied by 


three lucite rods. This assembly was placed over the counter in 








Aluminum 
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Fig. 3 Geometry for Counting © 
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such a way that the base of the sample bottle came een con= 
tact with the tube face, providing the maximum counting ePriciendy: 

: The electrical equipment associated with the experiment is : 
shown ina block diagram in Fig. be The. counter used was a 
Harshau ‘tyne 12812 cintegrel Line® hesembly which employs. a 
cylindrical Nal(TL) crystal 3 inches in diameter and 3 inches 
long coupted. to an RCA URE 8054 photomultiplier tobe. The 
‘remainder of the etactseute apparatus. and the photomultiplier 
tube base, circuit are discussed in Roncnaay De 

| Preliminary experiments, not here pepariad, established a 
requirement for prose paruiany of the gain and wattage stability 
“of the system. ‘Avreliable method of menetteae male Saheuus of 


my 


troublesome gain shifts was finally achieved using the essentially 


“constant activity of a ce?? ? source. The source, a small amount 





of CsCl on a raed disc, was mounted in a holder that enabled t 





» to be placed in the same identical spot over the counter for Br 
~ galibration. = Ps 

‘The amplifier Gain-setting procedure was then determined sia: 
follows. The tube high-voltage being set at 1100 volts, the 
‘amplifier gain was adjusted so that the 662-Kev photopeak maxi- 
mum of the cesium spectrom fell in channel 339 of the 512-channel 
pulse~height analyzer. With the internal gain of the analyzer 
already properly adjusted at this point, the 32~Key barium x-ray 
‘line then fell in channel 16, as shown in Fig. 5. Pulses from 
fa mercury-switch pulser were then applied at the amplifier input 
terminals. The pulse amplitude was adjusted so that the amplifier 


output pulses would fall into channel 320, at about half-maximum 
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on the low-voltage edge of the cesium photopeak. The fateguar 
discriminator of the single channel analyzer was then set to just 
cut off the pulses that would fall into channel 320. With this. 
discriminator setting, 7.48 volts, and with the analyzer-in the 
multi-channel scaling mode, the seouiin activity was measured to 
be very nearly 10,000 counts in 16 2/3 seconds when the gain was” 
at the desired level. Small variations of the amplifier gain or 
counter bigh-voltage, on the other hand, would cause large anandae : 
in scuntinn rate from the cesium calibration Sateces 
The technique for subsequent gain settings was very simple. . 
The cesium calibration source was put into position, the discri- | * 
inatar was set at 7.48 volts, and the high-voltage was set at 
1100 volts. The amplifier said sac Seah ecaaie tea until 10,000 : See . 
counts: appeared “in 16 2/3 aebamess ee ear the gain of the . : 
system was Fixed relative.‘to the discriminator ‘setting: © The : 7 
sensitivity of the technique can be seen from the slope of the 
gain curve shown in Fig. 6. | 


Since the Be! or grt radiations occur with lower energies 


than those from Car! 


» it was necessary to choose a lower discri- 
minator setting when detecting these radiations. For this we. | 
used a discriminator setting of 4.50 volts, sufficient to cut off 
pulses in all channels below channel 192. This is to he compared. 
with the position of the 477-Kev Be’ peak the maximum of which 
occurs in channel 241. | 

The overall dead time of the éue ee naice measured by using 
two Rete? seunees Me reaaiy equal intensity: and following the , 


technique known as the two-source method. The dead time was 
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Found to be 2,38 microseconds for. the. multichannel-scaling mode 
of the pulse height analyzer and for a minimum discriminator set- 


— ting giving a cutoff at about zero Hev. 





23 








Til. DATA REDUCTION 

A. Yield of Radioactive Nuclei 

In the course of the canbencnea of a given target, radio- 
active fragments were produced atnes by real photons or by the 
electrons themselves interacting with the original nuclei. To 
pnable us to determine the cross section for each of these 
processes separately, we irradiated tua samples of each type, one 
with a copper fadiatar in advance of the target, the other without . 


the radiator. By. ‘performing a subtraction of one result from the 


\ 


ay i 
other, we were thus able to separate the photon and electron 


effects. 

Consider the number of radioactive nuclei produced in a tar- 
get by the bremsstrahlung from an electron which has passed 
through one radiation length of material. Suppose that the 
resulting photons then fall on a target of one atom per unit area, 
‘producing a certain number of radioactive fragments (Cone per inters 


action). This number, the socalled phatoyield, is given by the 


expression 
7 E, 
YE) = \ Ga BPle,2,k) dk. ae 
| Ex, 


Here 67. 6K) and E, are respectively the cross section and thres~- 
hold energy for the photodisintegration process, and @(E.2,k)dk 
is the bremsstrahlung sumer spectrum. This gives the number of 
photons of energy between .k and k+dk produced in one radiation 
length of material. The bremsstrahlung spectrum will be discussed 


in detail in section C of this chapter. 
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The yield of radioactive nuclei produced in a. target of one 


atom per unit area by the electromagnetic field af the electron 


itself is seen to be numerically equal to the electrodisintegration 


cross section. : Yate gives the equality 


Yee gle) = @ 


in which Ee, is the electron energy. One notes that the pian’ side 


; is implicitly multiplied by N=l atom per unit area in order that 


the equation may have dimensional consistency. 


Be Derivation of Cross Section Equations 


ti, The rate of change of the number of radicactive nuclei in a 


torget during irradiation is seen to be 


oe <2 by aise 
$2 wrfece, +x(GQbG24) dk] rW-an , © 
Da | VMEy 3 : | 


in which the square bracket term is the rate of production and 


the last term, -An, is the rate of decay of the produced fragments. 
In the above equation A is the decay canstant of the radicactive 
nuclei, nis the number of radigactive nuclei present at any one 
time, I(t) is the intensity in electrons per second of the 
electron beam as a function of time, N is the number of atoms per 
ose bile ii of = target, and T is the target thickness, in 
cantintere. Raael eins Squatian (3) by using “the definitions of 


eguations (1) and (2) one obtains the equation 


& +n = NT We) + XH (Bree) w | 
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The term XY4(E,) on the right side of equation (4) should actually | 


be represented by the sum e te ne wat — 


XY 2 é) = 2K Yee (&) ig 


to allow for slightly atepseing ubapee. “oF the bremsstrahlung spectra 
GCE, Z,K) arising “from the different radiating materials in ‘the | 
beam. However, ‘the twa extreme examples of radiator materials 
used in the experiment, hydrogen and copper, Have photon spectra 
differing by ten percent at most. We can thus take the photoyield 
integral for copper ta be appropriate for the yidlds due to photons 
from other radiators as well. The total error in doing’ ‘this will 
be considerably less than ten percent when “the cross ‘section ‘is. 
pRopeey Folded ae The right side of equation (5) then Pe anGee 
to a sum over Padiation ttiicknasses’ multiplying the photoyield 3 “dui 
to photons from copper. In what follows we shall take X to be a 
sum over sacsarion thicknesses of all the material’ in the’ “beam; 
OMe SAAIY be tha photoyield appropriate to copper. 


Multiplying equation (4) by..the integrating factor e*” 


and — 
integrating Over time, we obtain the number of radioactive’ ruéled 


present ‘at the time at which the irradiation ‘ceased, 





| nlt)= NT VE.) + XK (e)|\T 


If the nucleus decays by..one mode only, the activity at time # 


will be 


BlO)= Ao = 2 nie) | (7) 








ee ee ee ee ee en ee eT 


: 
. 
i 
4 
i 
7 
| 





Mle) 4xY (6) = 


or 


a= anrfiled+ ile) [ree P de. 


We next define the total yield per electron for a beam passing 


through material of. total thickness X radiation lengths followed . 


by a target composed of one atom per unit area by. the equation . 


A. 


ANT (St) CNOD pe = K ‘ (9) 


The total yield is now in terms only of quantities which can be 


measured directly in the laboratory. Suppose we let the radiation 
thickness of the copper radiator be X_ and that of all the other 
material be x, The total yield for the irradiation made with the 


additional radiator in place is then 


YelE)+UG NY (6)! Ba 


Without the radiator the total yield is 


a Ye) " X; ¥(E)=R, . | (12) 


The symbols Ry and Ry represent the right side of equation (9) 


with the appropriate experimental quantities substituted. Sub- 


-tracting equation (112) from equation (10) one obtains 


XY (Ee) = Re Be ane 
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Ideally, one: would now return to equation (1) and solve for 
Oy (k). This: is, chou yeu: not entirely Feasible ait: this. “Bokntbs © 
To solve for Om(k): peg eee the unfolding of the peeiees eu2Ung 
spedtium to determine ‘exactly which photon: ‘produced: what aves: 7 4 a 
action.” This igs a time-consuming procedure at best and ‘was nat™ - 
attempted in view of the limited time available tous. Instead, 


we computed an average crass section, onfE,)» which is defined from 
als “(0 G(6,2,k) Jk 
(13) 


o5 (é) = : 
(aaah od a3 





In equation 13) the Senomiiaver represents the average bremsstreh- 
lung energy produced when an electron paosee woud one radiation : ei : 
length of material. When the denominator is divided aN: EG it , | : a 
provides an "equivalent number" of photons of. energy ES produced 
per radiation length. Using equation (1) daa (12), one obtains 


Finally 


Op (Eo) cee Re) (1a) | 


cae 4G (4,2 é) dh 


Equation (14) states the photodisintegration cross section per: 
equivalent photon in terms of measured quantities, © °° oo" . 


The electrodisintegration cross. section, OnE, ); can alao be 


_ Calculated from the experimental yields Ry and Roe By using = 








equations (11) and:-(12) ane obtains the expression 
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Océ) 2 Ye (6)=&- AL (e-F,). ar 


The right side of this equation is stated in terms only of | 


measurable quantities. 


Cc. Bremsstrahlung Spectrum 
in our tyes tas see of the photedisintegratian precess, we 
produced a “known amount ofr Gremests eit by placing radiators ‘af 
given thickness in the electron beam. Although a little of the 
radiating watarial was as much as sixty centimeters from the target, 
the greater portion was in close proximity to it. Tt. thas Seems 
to us that pasentteliy ali af the bremsstrahlung produced passed 
through the ,target. That this is a reasonable sseumnkian may be 
seen from the discussion by Heitler [6]. This shows that the 
“mean angle of emission of Hisenes treneung zee of. the order Sot 
radians with respect to the beam direction, in our case this is 
an ‘angle of 0.39 degrees. Clearly, most of. the radiatéon is very 
nearly in the Forward direction. 
| in calculating the photon spectrum WB used the differential 
d6-rad | 


bremsstrahlung cross eecuten ee obtained From the paper of 


Koch and Motz 7], but modified to include the scattering effect 








of the atomic electrons. We used two different forms af these 











igipugiaaaing: appropriate for two separate regions of values of the 


screening parameter TV defined by the expression 


a= 120 Mm at fe 
~ E &, 2'8 ° . (16) 
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The relationship between the Koch and Motz differential cross 
sections and our bremsstrahlung number fo etul ay rer) may now 
‘be written in. the combined form | 


das E (BOR A (99 P'S le,2h). ar 


dk 137 


Here the fe eee has the form, for O< <2; © 


(1 Be A 43 4,3] | : 


Gleas bs * Fee, 4 


| ; ge(Ac0) _ Ln3] | 
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or, . for 2< T<15, 


$le28) prea £2 a Gee J-1- eer) ss : (19) 


In the abava semauiane = is a | parameter by means of nich — 
strahilung produced aff the atomic sieeteone: is Aneluded. 1 ‘The other 
quanti ties are the classical electron radius, 28 “7m of and. the 
final energy of the scattered electron, E= Se ake Values of the 
functions 2 6M; a, Gay and o7) were taken “From graphs: in - 
reference Foe a hie . - 

} "ile note that oS length of a material of of atomic - 
wiaee Zz ‘atomic wadgey A, _ | : 


Vee a 2 
0 4N2 (249) nese?) 6 
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' The cross section for bremsstrahlung production is then Pound from 


equation (12) ta be — 





TEE Ez ww 


when an electron of energy £ passes through a radiator of 


' thickness T, composed of N atoms per unit volume, the number of 


photons produced ss ener ey between k and Kk+dk will be 


Nr Sos - Io gh - Vs ede aay 


Here we neue put. n= Poca and x= P Tx a? the latter being the 


radiator thickness in units. ar reiiatian lengths. In all the 


salcuketions we used values of the radiation lengths Xo given by 
- Bethe and Ashkin fa). The values of X, used for the principal 


radiators were as follows: 3B For H, 42.5 for C, 23.9 for Al, 


i2. 8 for Cu, 36. 5 for air, all numbers in units of “pent: 
Figure 7 shows the intensity spectrum, KEES Z,k) for brems— 


strahlung from copper and carbon. 


D. Equivalent Radiator iieknete 

Anether quantity oF Paieruse a an experiment using electrons 
as projectiles is the equivalent radiator thickness, designated | 
as Xo radiation lengthe. This is defined as the. thickness af 
radiator material necessary ta stodute Teal photons in sufficient : 


quantity to give the same disintegration yield in the target as 


that produced by the electrons themselves. The quantity Ke pro- 
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... Mides a convenient parameter useful- in comparing. the disintegration. 


effects of the virtual photons of the electron field with. the 


effects of Teal. Srenee tral tang phatans. Se Fh 


“tieang, the equivalent radiator tHuekneee” one may dceing the 


-. yield-from electrodisintegration to be... 


ae yon & oa coe ee bogs aie 
a =Ke} Oph) B(6,2,2) de. a) 





This is “identical with equation a) except for the EBs ce of eRe” 


factor Xo - Using this qerini stony along with equations GD sad: 


2), one obtains oie equivalent Shi Genes es 


Xe = ae, ee eee a 


stated in terms only of measurable quantities. 


Ee Calculations for Nitrogen 


Melamine contains both carbon and nitrogen, each of which 


contributes Be’ ar ae disintegration Fragments. The Bale ation 


of the nitrogen disintegration | cross “sections from measured melamine 


yields. this requires the subtraction of the’ carbon effects. We 
define a 1 disintegration cross ‘section for the melamine ‘molecule 


as a sum of the cross sections of its constituent atome. From 


‘this we find the nitrogen cross section, applicable in form for 


either photodisintegration ar electrodisintegration, to be 
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“°° The melamine and carbon crass sections, Oy.) and O., respectively, 


 @re to be obtained either from equation (14) or from equation (15) 


and the appropriate measured quantities. © 


F. Radionuclide Identification 98s 8 | 5 


The two papery radionuclides of interest in this experiment, 
7 11 


a Be g And Cy and a “third which was “Gheebved, yi3,, were identified 


ee typical carbon ‘sample. 


by means of both energy-spectrum and half-life measurements. For 
“each Eanois a eoaes pulse-height analysis was made during’ the early 
| gtages of decay when cr and, in the case of the water, n?? were 
the prevalent radionuclides decaying. At this dint the -chcetsun 
was canned For. evidence of other radiations besides the 5ll-Kev | 
Sigiteencaanineiatvor photgne or the’ 877-Kev a? gamma reys. In 
ie Case were Beney radiations preeant in Supe tetee Soy) to 


be observed. A ‘typical sulae height ‘Spectrun is given in Fig. By 


. which shows: the ; annihilation photan peak from the eS decays in 


% 


ane second, and paaicik walls pulse- height enalyses | were made?- 
i Por. each sample - be a later time when the only decay observed was 


re that of Be’, peeked produced 477- Kev quanta, An Ss aiinie of this 


is “Shown in Fig. oy which displays the 887 aseay spectrum for a 


_ water pane ie 


ilk) 


.The N deceys were observed in the water samples but not 


in the ME FEINENSS ‘The seeming absence of 2? in melamine was ‘ 


incurred by necessary delays in the ee of these canplees 


The cit activity: ‘in the melamine was sufficient to saturate the ; = 


counter system. After this had abated sufficiently to enable us 
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to make a measurement, the remaining nt? activity was too weak to 


be noticed in comparison with the remaining cit activity. “In any 


case, if both N*? and c+ were present in a given sample, the 


actual separation of these activities was performed by the computer 


“program. 


“ae: Efficiency of Counting 


| “<The counter efficiency was calculated on. the basis of purely 
geometrical consideratins using a technique due to Heath fs]. 
In this method: any photon interaction in the counter crystal is. 
assumed to cause a detectable pulse. phe Seated efficiency te>thus 
@ measure of the probability that a photon entering the crystal 
will cause a pulse somewhere in the spectrum. If, however, only 
then’ ‘guides unicl are in the photopeak are accepted, ae in ‘our. 


case when an integral discriminator was used, a method of deter- 


; ; K mas 
mining the ratio of counts under the peak to total counts in the 


spectrum must: be devised. for these "peak-to-total ratios" we 


Simply’ used’ the numbers 0.653 for Be? and 0.630 for cl obtained. 


from the data of Heath for a source placed 0.5 centimeters from ; 


the counter. ‘These ratios were obtained under the conditions of 


very goud geometry (no back-scattering) which also apply to the 
efficiency calculation. — 
“The: total efficiency caloulatio#: for a thin disc source on 


the axis of a cylindrical counter is discussed more fully in 


°" Appendix 2. Considering a thick target to be composed of a sum 


“ef thin discs, one obtains the following mean efficiencies: 0.287 


for the carbon samples, 0.261 for melamine, and 0.257 for water. 


These are the efficiencies used in our calculations. 
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We may now assemble the various relevant factors into one 


_ expression from which the true activity is to be calculated, 


Apt oe ee oye . " es _ : . 


Here an is the measured activity in the photopeak (assumed equal 
to the number of pulses which pass the discriminator in unit time), 
€ isthe counter efficiency, P is the -peak-to-total. ratio, -and 

5 corrects for self-absorption in the source. The latter was. 
determined experimentally by measuring the efficiency with carbon 


. dises inserted-between a thin Cs??? 


source and the detector. The 
factor 5 was found to be no less than 0.975.. In addition, for. the 
positron annihilation measurements we divided A by 2 to take into 


account the fact that two photons are emitted in this precess.. 


| He. Calculation of the Activity wo ae 

. The. activity of the samples at time T’, the instant when _. 
irradiation ceased, was obtained from.a sequence of activity _ 
“measurements made at various later times. The raw data of these 
activities and the times at which they were measured was processed 
by a computer program. designated FRANTIC which Was written by - 
Rogers fio] for computers using a FORTRAN compiler. The program. 
corrects the-raw data for background activity, counter system 

dead. time, and any uncertainties in these. quantities. cit then . | 4 + 
fits one or more exponential decay curves to the corrected activity 

points by the method of least squares. .The decay constant and the | 


initial number of nuclei being the parameters. through which the . 


Tit is made, these quantities, and the standard deviation of each, 





GES the output information from the program. ar Ea teree et 
simple activities the program: fits the longest-lived activity First, 
progresses tothe next. longest, amd.so on, giving values far each 


“ef the decay constants and initial actili ties. BH ee 


‘I. Error Analysis: i Soe ey es, oe ea del SE eS dat 
Precise analysis of the errors in the reported quantities 
ivecents’ Yoreidehiy difficulties; it will not be attempted here. 
Instead we shall merely gimmart ze the statistical and instrumental 
uncertainties as we have estimated them. 
re The activity A» perhaps the most interesting. quantity: that 
Tae was measured in the experiment, is knawr with @ reasonable precision{, 
Even sa, A, involves the statistical uncertainties in the: individual 
“= gountes, mastly less than 0.5 percent, the error-in the fit to the 
‘date, usually less than 1.0 percent, and the uncertainties” in ie 
detector apparatus. Of these, the 5 percent uncertainty in the 
"dead time measurement will contribute: a hegkibible error: for most 
‘ar the measurements. Of more).importance, the uncertainty: in total 
efficiency of the counter may- be as: much. as. 5 percent, inithe 
peak-to-total ratio about 5 percent, and in the self-abserption 
factor another i percent. Were oné ‘be ebneider- these! uncertainties 
as normally distributed (a highly suspect assumption), the total + 
a error in RG alone would he about G& percent. | a 


To obtain the cross sections, however, one must know both the 





amount of material in the beam and the current of bombarding 
electrons with some precision. For the former, we believe the 
error made in measuring radiating material and target thickness is 
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ey less than 1 percent, except for the melamine target where. 5.percent 
is perhaps more appropriate. The error made by assuming the copper 
bremsstrahlung spectrum to be v@lid for all the radiators incorpo- 
rates perhaps another l percent of. uncertainty. The. determination ; 
of the number of bombarding electrons is, hauever, highly Ungertain. 
In the first place, the absolute efficiency of iesabaddary< 
-gatselcn monitor. is uncertain to about 10 percent. Worse yet, the 
integrating circuit, énterposed an intermittent leakage.current the 
_Magnitude of which waa known only to within 20 percent, at. best. 


This gives a total uncertainty of measured charge of.as. much as 


-- 10 PRaGeris Coupled with the uncertainty int igte monitor efficiency, 


- this may lead to an error as large as..20 depednt in the. absolute 
“value of accumulated charge.. 
When all the uncertainties are added together, by.whatever 


specific technique, it is easy to imagine a total uncertainty of 


.» $30 percent in the measurement of a given yield.. Since the final 


a erass section calculation involves a difference of yields, however, 


the error in the cross section for carbon or oxygen may he as 
large as 50 percent. Still more uncomfortably, the nitrogen 


»Ccalculation involves subtraction of the carbon yield from. that 


- for melamine... The error here may be several hundred per: cent. | 





Tie. RESULTS 

The final crass sections that are reported im this chapter 
are bdéed om the experimental data set forth im Table IE below. — 
The quantity Listed! im colume 3% of the table is the integral. 
stated im the denominator of equation (9) im Chapter TET. Tt is 
celewléted here for the cll neasuremamt only. The uncorrected 
activities stated fm columns &, 5, ame & simply list the counting; 
rate at the time the irradiation ceased. These are the: rau output 
date of the computer and are based om the actual counter output 
corrected only for dead time and background. Other data concerning, 
radiator thicknesses and total accumulated charge were taken from 
Table I im Chapter Il. - 


TABLE EI 


Experimental’ Data 
| ae . _ 
Thickness Current Uncorrected Activities 
ag Integral git Be? ont? 


Terget 022 owe?) Cam! ot) © (in? ect/s) (ct/s) io" at/e) 





Earhor i by EE LOE 60.7 20 - 
 Carbern 2 - 4.03 .8az 20.3 IO. _ 
Carbon 3 ts 02  LOLe 25.3 Uhe3 - 
Mek. 2 g.263 270 17.0 48 = 
Mel. 2 0.273 «G70 5.16 5.30 - 
Water 2 2.22  a.900 1.406 2.69  7.h6 
Water 2 2.22 1.180 1.221 1.20 by. 35; 


rr 


The electromagnetic disintegration cross sections for the 


7 ka 


', and N° fram the various 


formation of the unstable nuclei cit Be 





target mijclei are stated in Tables III, IV, and V, respectively, 

in units aft migrabarns, The fhatodisintegration cross section, . -.: 
6a? appearing..in. the second column of. the tables is, of COUTSE, | ° 
the average cross section per equivalent -photon.. In calculating... 
this quantity, we used the value 67.0 MeV for the integrated 
‘photon intensity spectrum arising From electrons of primary energy: 
75. MeV. From. this one. obtains on the average 07894 equivalent 
photons of energy 75 MeV for each electron that penetrates one 


Padiation length of. matter. 


TABLE III 


‘Total Cross Section for Formation of cl 





Nucleus One) T¢p b) Sa/Fy 
Carbon - 823 17.5 47 
“Nitrogen: _ 133 7.71 L? 
Dey gen’ 12.1 : ~Os32° °° 38 


TABLE Iv 


Total Cross Section for Formation of Be’ 


——— 


Nucleus — SC b) PA a b) O2n/Te 
Carbon 68.6 1.30 53 
Nitrogen 795s. 7.6 


Oxygen 8.67 0.139 62 








TABLE V 
. total Cross Section for Formation of nt? 
Nucleus 9g»? O44). 65/08 








Oxygen ~ 31.6 0.24 132 





_ One should note that the probable error in these crass sections 
__ may well be in excess of 50 percent. It is thus not reasonable to. 
expect detailed agreement between the numbers and any other pub- 
lished results that fall in the same domain. Even so, our results 
are internally consistent to the extent of displaying proper érenda. 
For- example, the cross sections for both types of disintegration 
processes fall off with increasing Z of the target nucleus. This 
is ta be expected on the general ‘cients that. any particular 
process has a smaller opebantrety ef occurrence when. the possible 
number of processes increases, as in heavier targets. We note also 
the general consistency among the ratios of photodisintegration | 
to electrodisintegration cross sections for the various nuclear 
targets. | | 
On the other hand, agreement with the results of ppher experi- 
menters,is indeed very poor. The experiment of Barber et al. f23} 
on the e@cy nett reaction determined the activation cross 
section to be 2.2x107°/ om? for bombardment with x-rays of 75~Mel/ 
maximum energy. This crass section is analogous to our photo- 
‘disintegration yield, Yy , for which we found the value 6.5x107-P em, 
which differs by a factor Apo Side Ehontesbee se eceule> “a 
another experiment involving gt production, Barber fs] Found the 


ratio Ca/ Oe to have the value 14.4, a factor of 3.3 lower. than 


our result. 








In the case of processes leading. to. the production of Be’ 


ie results agree but little better with the published values of 
other esieeces experimenters. Artus fi} states that the photo- 
disintegration enaneteac tian Oe ear the- Be’ processes out of 
aacbud: ane oxygen have values of 143 and 12 microbarns, respec-_ 
tively, for x-rays with maximum energy of 55 MeV. Our values for 
these quantities are lower by factors of about 2 for reasons 
unknown to us. Our electrodisintegration crass sections for Be’ 
processes must, however, stand alone without comparison with: 
other work, as must. the nitrogen photodisintegration cross | 
‘section. No other published results for these quantities are 


known to us. 
In Table VI are listed the lgduivalent radiator thicknesses 


X, which arise from comparison between the effects on the disin- 

tegration processes of the real x-ray spectrum and the virtual 

ee ae the elactron Fidlds. The entries inthe table. | 

seem to be-in reesonably| good agreement with the approximate ee 

theoretical value XK =10 o/s7 =0.023 radiation lengths in all 

panes except that of nitrogen. . | 
TABLE VI 


Equivalent Radiator Thicknesses 





X, (madiation lengths) 





‘Nucleus - | cil process Be! process 
i ae 0.0271 0.0195 
Nitrogen .0108 21265 
Oxygen | 0199 ts«wG. 


a TT aE SE EE EAE ERS 


The large experinental uncertainties in our work, especially 


that involving nitrogen, make our results only tentative. Nevep~ 


we eM a! 
‘theless, we can conclude that Be’ and git ate produced in some 


quantity from carbon, nitrogen, and oxygen. Evidence for the 
13 


- productian of N°” from oxygen is also unambiguous. The experiment 


must be repeated wi th greater care, however, before the quantitative 


results can lend themsleves to a meaningful theoretical interpre- 


tation. 
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APPENDIX I 
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We shall here describe a few aspects of the electmmit circuits 
named in the block diagram of Fig. 4 in Chapter II. pilese of light 
from the Nal crystal are registered in a ten-stage RCA 8054 photo- 
multiplier tube which is connected to the voltage-divider network 
shown in Fig. 10 belaw,, The circuit wae designed to provide negative 

“anh tase pulses having s Fall-time of about 200 microseconds when 
the device is used in conjunction with an Ortec Model 113 preamplifier 
with a 500 picofarad input capacitor. Such pulses have an optimum 
duration for Mean atiplification by the Ortec Model 410 amplifier 
to which they are led. 

Output pulses. from the linear amplifier are bipolar, having 
positive and negative amplitudes in the range 0 to 16 volts. These 
‘pulses are analyzed either by the Nuclear Data Model 180 512-channel 

analyzer or by the Ortec Model 420 timing single-channel analyzer. 
In the former case the pulse-height anélyeia data are stored in the 
memory unit of the analyzer, These data, in the form of counts per 
channel, are then available in an oscilloscope display or in printed 


form from a teletype printer. 





Most of the data accumulated in the experiment, however, are 


the scaled record of voltage pulses which merely had an amplitude 





yl larger than a certain minimum. In this case the Ortec 420 single- : 
i channel analyzer discriminated between pulses of different amplitudes: ' 
accepting only those greater in amplitude than E, the voltage of 

the integral discriminator setting. The ate of the analyzer is 


a 5-volt, 0.5 microscond long, rectangular pulse for each accepted 


input pulse. These pulses are then amplified to a height of 15 valts 
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Fig. 10 Photomultiplier Tube. Bese Circuit. 





by means of a solid-state amplifier designed and built in this 
“Wabotateng: The resulting pulses are led to the milti-channel 
' scaling (MES) input huninkaaie of the Nuclear Data 180. Here the 
pulses are accumulated ina given one of the available 512 channels 
of the analyzer. In this mode of use, the MCS mode, the analyzer 
accepts and registers in the selected channel all the pulses 
having an’ amplitude of 15 volte. When sounting into one or more 
channels has been completed, the information in the various | 
channels: of the memory is available through the output devices 
mentioned. hefore. | 
“Selection of ne naieentes channel used for storage is 
accomplished BequEHhiat ty by a Benen circuit operating with the 
trigger. circuit shown in Fig. ll. The ata circuit determines 
- the dwell time in a-given channel. This is done by counting a 
predetermined number of 60-Hz, 115-volt line pulses by er of a 
Technical Associates Model DS-58 scaler used in its "Test" middle. 
“When the selected number of pulses has been counted, the BELGE 
output terminal veceade undergoes a step change of -80 ‘yalte, 
which fires the trigger circuit, causing it to send an peel mile 
to the EXT 18 terminals of the multi-channel analyzer. This causes 
the eas te scale the ensuing input pulses into ane next 
channel in sequence. 2 one putput voltage of the scaler then n returns 
to its original level prior to commencement of the next cycle. ° 
The trigger circuit itself (see Fig. 11) operates through 


the breakdown of the trigger device T caused by a sudden voltage 





drop at the start switch or at the input terminals. The device T 
then. acts as a short circuit, permitting capacitor C to discharge 


through resistor R, and resulting in the desired :8-volt output pulse. 
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APPENDIX oa 4% be: i Cae 

Efficiency Determination Oe cL eee Bea ats 0) os 

| The calculation. of the absolute efficiency.:of photon detection 
fora disc source on the axis of a cylindrical crystal can. be made, 
very accurately from nupely geometrical ennsiderations. The, method 
effectively determines the: joint probability sia a photon will be 
intercepted by the crystal and wili have some kind of interaction. : 
in. the crystal material. For the counter efficiency in this... 
experiment. we performed a numerical integration: of the equation . 


presented by Heath [9] as ae 


coe aa ep 
fi ote ook b) ay tsm@-do 
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‘where 


| | / 
LL Sib +] x eh +x : 


The square-bracket expressions in the integrals state theiprabshiaaity 
that Bhe: pre kon oF SRargy k will have an nuSE See Ten when it impinges 
on a thickness of material equal to the factor which multiplies the 
absorption. coefficient 2k) in the epanaeatiene. The quantities R 


and Tr are radii of the disc and counter, respectively, t. is the 
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‘crystal Length, hy is. She cee eauee: #roM the atSe ta ane: crystal cane 
@ and Q are angular VerTebles of integration, and): *X the Matt abre by 


means of: which - Antegration Over. the. disc is achieved.. daviues of the 


oe 
Par 
he 


x-Pay absorption coefficients Tk) for Nat(T1) that we.-used in the 
‘calduletion were taken from the work of Gs Rs White - [eye we a i 


“Since the sources used in- “the experiment were tevakaery 





“thick aie te found it necessary also to GaEey out: an.. taneueSeian: /Over 
“hha source thickness in the efficiency calculation. In practice, 
“phis sues aetualiy done by cuieuletena- the thin-disc emereienay for 
the two ends and ae nidloranté af the svitndeiveal wauseed We then. . Bi 
integrated the results by using the Simpson three-point formula. = a 
The results of these calculations for the three different source | | 
syne used in Geoee aa nant are given .in Table VII, for which we % 
determined source radii according to the follawing condiderations. 
Since the accelerator Beem spot was one-half inch in diameter, the is | i 
: cerbon “dec received the greater soption of its irradiation. in the 
central ane-halt’ inch; thus the larget percentage of the detestable 
gammas originate in this part. For the carbon calculation, then, | 
the radius of the carbon discs was assumed to be 0.250 inches. 
For the water and ielenene samples, however, the disc radius was ~ 


assumed equal to the bottle radius, 0.485 inches. 





TABLE Vil 


' Detector Efficiency 





Efficiency for Mean 
Sample Aa finches) disc at "o Efficiency 
CARBON 0.133 0.32488 , 
0.233 0.28597 0.28710 
0.333 | 0.25382 
MELAMINE 0.133 ~ 9.32060 
0.305 0.25824 0.26099 
0.477 0.21237 
“WATER 0.133 9, 32060 
0.321 0.25353 0.25667 
0.508 ; 0.20529 
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